Objective: We hypothesized that elevated parathyroid hormone (PTH) levels will be independently associated with 20-year cognitive decline in a large population-based cohort.
Elevated parathyroid hormone (PTH) levels may play a role in cognitive impairment, given that PTH receptors are present in the cerebral arteries. 1, 2 Prior work suggests that PTH may contribute to cerebrovascular diseases through endothelial dysfunction, atherosclerosis, and inflammation. [3] [4] [5] [6] [7] Most prior studies examining the relationship between primary hyperparathyroidism and cognition have focused largely on short-term change in cognition after parathyroidectomy; limited data exist linking primary hyperparathyroidism with long-term dementia. 8, 9 Furthermore, whether more modest levels of PTH elevation are a cause of cognitive decline remains uncertain. A large systematic review examining the relationship between PTH and cognitive function from 27 studies (including only 1 randomized and prospective study) found only low-quality evidence for a weak link between PTH and cognition. 9 In addition, none of these studies considered the effect of 25- 
hydroxyvitamin D [25(OH)D] in the PTH-cognition relationship. 25(OH)D has
been independently linked to cognition in some studies, 10, 11 but not in others, 12, 13 and may be confounded by poorer health status. 12 Therefore, there is a need to better examine the relationship of PTH and cognition, particularly in a prospective setting, with and without accounting for the influences of 25 (OH)D.
We hypothesized that elevated PTH levels would be independently associated with cognitive decline in a population-based study. Using data from the Atherosclerosis Risk in Communities (ARIC) study, 14 we examined the cross-sectional and longitudinal associations of PTH with cognitive function after adjustment for confounding and potential mediating variables, such as demographic and education, vascular risk factors, renal function, calcium, phosphate, and 25(OH)D.
METHODS Population. The ARIC study is a continuing, prospective, predominantly biracial, population-based cohort, which originally recruited 15,792 men and women aged 45-64 years from 4 US regions (suburban Minneapolis, MN; Washington County, MD; Forsyth County, NC; and Jackson, MS) during the years of 1987-1989 (visit 1). 14 Initial cognitive evaluation and PTH measurement were performed at visit 2, which took place during 1990-1992; therefore, visit 2 represents the baseline for the current analysis. Participants participated in up to 2 repeat cognitive evaluations that were performed at visit 4 (conducted in 1996-1998) and at visit 5 (conducted in 2011-2013).
Visit 2 included 14,348 participants. We excluded nonwhites from Maryland or Minnesota (n 5 49) and participants of nonwhite or nonblack race (n 5 42), as numbers were too small to adjust for race/center groups. Participants who self-reported a prior stroke at visit 1 or had an incident adjudicated stroke before visit 2 were excluded (n 5 272). Also, participants with missing PTH values due to insufficient stored serum (n 5 975) or with extreme outlier values of either very low (,10 pg/mL) or very high ($200 pg/mL) PTH (n 5 24) were excluded. We also excluded those participants missing information on education status (n 5 22). This gave a final analytic sample of 12,964 participants shown in figure e-1 at Neurology.org. The baseline characteristics of included vs excluded participants are shown in table e-1. Excluded participants had on average higher PTH levels, lower 25(OH)D levels, lower cognitive scores, and worse cardiovascular disease (CVD) risk profiles, as might be anticipated in this group enriched with prior stroke.
Standard protocol approvals, registrations, and patient consents. The ARIC study was approved by the institutional review boards at each of the field centers, as well as the ARIC Coordinating Center. All participants provided written informed consent at each visit. Clinical trial registration is not applicable.
Laboratory tests. At each visit, blood samples were obtained according to standard protocols and were then stored at 2708C. In 2012-2013, using stored samples from visit 2, we quantified serum intact PTH levels using Elecsys 2010 (Roche Diagnostics, Indianapolis, IN) at the Advanced Research and Diagnostic Laboratory, University of Minnesota. 15 PTH measured by the Elecsys method is known to have very good long-term stability at 2808C. 16 Comparing stored duplicate (split specimen) samples, we found the laboratory coefficient of variation (CV) to be 9.7% for PTH. We measured visit 2 calcium and phosphate levels by a colorimetric method through a Roche Modular P-Chemistry Analyzer (Roche Diagnostics). The interassay CV for calcium was 2.3% and for phosphate was 2.2%.
Also 17 Lipid data at visit 2 were measured according to standard procedures.
14 Plasma total cholesterol was measured by enzymatic approach, and high-density lipoprotein (HDL) cholesterol was determined after dextran-magnesium precipitation.
Cognitive function. Using standardized protocols administered by trained examiners in a silent room, cognitive function was assessed using the Delayed Word Recall (DWR), Digit Symbol Substitution (DSS), and Word Fluency (WF) tests at visit 2 (1990-1992) , visit 4 (1996-1998) , and visit 5 (2011-2013) .
The DWR tests verbal skills and short-term memory. 18 Individuals learn 10 nouns and then must use them in 1 or 2 sentences. After 5 minutes of delay, they must repeat the nouns. The score represents the number of words the participant is able to remember with a maximum of 10. In a control group of similarly aged healthy ARIC participants, mean DWR scores varied from 5.2 to 6.7 based on race and educational background. 19 The DSS tests for executive function and processing speed. 20 Using a key, participants try to match symbols that correspond to numbers in 90 seconds with scores varying from 0 to 93 for each number of correct symbols. The ARIC normative controls had mean values ranging from 20.3 to 48.2. 19 The WF appraises expressive language and executive function. 21 Participants produce as many words that start with A, F, and S as possible in less than 1 minute. The total score represents the total words generated, with ARIC normative mean values varying from 19.4 to 39.5.
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A global Z score was calculated by the average of the Z scores from each of the 3 individual cognitive tests within each study visit (at visits 2, 4, and 5) and standardized using the visit 2 global Z-mean and SD. The global Z score was used as the primary outcome for our study.
In addition, participants of the ARIC Neurocognitive Study underwent comprehensive neuropsychological testing at visit 5, 22 and the diagnosis of prevalent clinical dementia was adjudicated by 1 physician and 1 neuropsychologist based on the longitudinal cognitive testing performed at visits 2, 4, and 5, and the complete neurocognitive battery of tests performed at visit 5.
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Covariates. Covariates were assessed using standardized question forms and interviews to obtain medication use, demographic, and behavioral factors.
14 For this analysis, we used covariates measured at visit 2 except for physical activity and education, which were evaluated at visit 1.
In our models, we included age; sex; race/center (Minnesota whites, Maryland whites, North Carolina whites, North Carolina blacks, and Mississippi blacks); education attainment (,high ); diabetes mellitus (yes, no; defined as fasting glucose $126 mg/dL or nonfasting glucose $200 mg/dL, self-reported physician diagnosis, or use of oral hypoglycemic/insulin); self-reported history of alcohol use (current vs not current); smoking status (never, former, current); total cholesterol and HDL cholesterol (continuous; mg/dL); systolic and diastolic blood pressures (continuous; mm Hg); use of antihypertensive medications (yes, no); coronary heart disease (CHD) (yes, no, defined by standardized criteria and physician adjudication), physical activity (score range 1-5, using a modified Baecke Physical Activity Questionnaire 23 ), and estimated glomerular filtration rate (eGFR) as calculated by the Chronic Kidney Disease-Epidemiology Collaboration (CKD-EPI) formula. 24 Statistical analysis. We grouped PTH levels into quartiles based on the overall population distribution at visit 2. Multivariable-adjusted linear regression models were used to examine cross-sectional differences in global cognitive scores between each of the top 3 quartiles of PTH concentration relative to the reference bottom quartile. To allow for a nonlinear association between PTH levels with cognitive function (assessed at visit 2), we used a restricted cubic spline model with an elevated PTH level of 65 pg/mL as the reference (the upper limit of normal used in clinical settings) and with knots at the 5th, 35th, 65th, and 95th percentiles of their sample distributions using model 2.
We found previously that those with elevated PTH levels had increased CVD risk factors and were less likely to return for the follow-up study. 25 Therefore, for our prospective analysis, we imputed missing covariates and cognitive data with the multiple imputation by chained equation methods 26 to account for attrition (see table e-2 for numbers imputed).
For prospective analyses, we used linear mixed-effects models with random intercepts and slopes and independent variancecovariance structure of the random effects for continuous outcomes to estimate the association between PTH quartiles and change in cognition over 20 years. We compared the relative decrease for the 3 individual and the global cognitive scores between each of the top 3 quartiles of PTH levels with the reference bottom quartile. Time in study was modeled using a linear spline with a knot at 6 years (approximately at the time of visit 4). Our primary coefficient of interest was the interaction of PTH with time spline terms.
For both cross-sectional and prospective analyses, we analyzed 4 progressively adjusted models as follows: model 1 adjusted for the demographics of age, race/center, and sex. Model 2 (our primary analytical model) additionally adjusted for behavioral and lifestyle confounders, including education, BMI, smoking, current alcohol use, and physical activity. Model 3 additionally adjusted for cardiovascular risk factors of systolic and diastolic blood pressures, use of antihypertensive medications, diabetes, total and HDL cholesterol, cholesterol-lowering medications, eGFR, and prevalent CHD. Model 4 additionally adjusted for biomarkers in the metabolic pathway, including 25(OH)D, calcium, and phosphate levels.
We formally tested for interaction by race; however, given the known racial differences in PTH concentrations, 15 we planned ahead to show the overall results and those separated by race, regardless of whether a race interaction was present.
We performed several supplemental analyses. As the risk of elevated PTH might correlate better with a shorter-term decline rather than a longer-term decline as noted in a prior study, 27 we assessed the association of PTH quartiles with 6-year cognitive decline between visits 2 and 4. We also used logistic regression to assess the relationship between PTH (at visit 2) and prevalent clinical dementia (at visit 5).
A 2-sided p value #0.05 was considered statistically significant. All statistical studies were analyzed using Stata version 12 (StataCorp, College Station, TX).
RESULTS
The baseline characteristics of the 12,964 participants by PTH quartiles are shown in table 1. The mean (SD) age was 57 (6) years, 57% were women, and 24% were black. The mean (SD) and median (25th-75th percentile) of PTH were 42.0 6 16.4 and 39.2 (31.1-49.4) pg/mL, respectively. Those in the highest PTH quartile (63.6 6 15.9 pg/mL) were somewhat older, were more likely to be women and black, and have lower cognitive Z scores, lower education, lower physical activity levels, higher blood pressures, higher prevalence of obesity, diabetes, and CKD (eGFR ,60), and lower 25(OH) D and phosphate levels (all p , 0.05).
In a cross-sectional analysis, there were no statistically significant associations of higher PTH levels (quartiles 2-4) compared with the referent lowest quartile with a global cognitive score at baseline in any of the 4 models tested (p . 0.05 for all, data not shown). Figure 1 shows the multivariable-adjusted cross-sectional dose-response relationship of continuous PTH levels with a global cognitive score at visit 2. This spline model shows lower average cognitive scores for those with very elevated PTH, but there was also evidence for a possible U-shaped relationship with lower cognitive scores noted at low PTH values. Therefore, in sensitivity analyses, we repeated the cross-sectional quartile analysis using quartile 2 as the referent quartile, but there were still no statistically significant associations found. Over a median of 20.7 years, participants in all PTH quartiles showed a decline in global cognitive function from visits 2 through 5, with Z scores ranging from 20.94 to 20.96 after adjustment for lifestyle modifiers and demographics (model 2, table 2). However, global cognitive decline was not steeper in participants with PTH levels in the higher quartiles compared with participants in the lowest quartile. Findings were unaltered after further adjustment for cardiovascular risk factors, renal function, and markers of mineral metabolism. There was also no statistically significant difference between PTH quartiles for each of the 3 individual cognitive domains (model 4, table 3). There was no significant interaction by race; the race-stratified results are presented in table e-3.
In sensitivity analysis, we also examined a shortterm decline between visits 2 and 4. Elevated PTH levels were also not associated with a relatively steeper decline in global Z scores compared with lower PTH levels over a short term ;6-year period (table e-4).
We also examined the relationship between PTH levels (visit 2) and the presence of clinical adjudicated dementia at visit 5. The odds ratios comparing the higher PTH quartiles to the reference quartile were not statistically significant in all the models tested (table 4) . DISCUSSION In this large biracial population-based study, there was a decline in average cognitive function over 20 years. However, cognitive decline did not differ according to the baseline PTH concentration. In addition, in cross-sectional analyses and analyses with a shorter (6 year) follow-up, there were also no associations between PTH and cognition. Our work does not support an independent influence of PTH on short-or long-term cognitive decline in the general population.
Elevated PTH levels are considered to play a role in cognitive impairment, potentially via increased vascular calcification, elevated blood pressures, or endothelial dysfunction. 4, 6 However, the prior literature evaluating the association between PTH and cognitive function has considerable heterogeneity between study populations, and most of the literature studies were cross-sectional, which limits causal inference. 9 Our results contrast with the one other prospective study that followed a smaller (n 5 514) and much older cohort of adults (aged 75-85 years) for 1, 5, and 10 years. In that study, the authors did find an association between PTH and cognitive decline, but did not adjust for education, cardiovascular risk Figure 1 Cross-sectional differences in global Z combination scores by parathyroid hormone (PTH) levels at visit 2
Curves represent adjusted differences in the global Z combination score (black line) and their 95% confidence intervals (red lines) based on restricted cubic splines for PTH levels with knots at the 5th, 35th, 65th and 95th percentiles of their sample distributions. The reference value (filled diamond) was set at a clinically relevant threshold of 65 pg/mL. The model was adjusted for age, race/center, sex, education, smoking status, alcohol, body mass index, and physical activity (model 2). Table 2 Average change in 20-year global cognitive Z scores a stratified by PTH quartiles and relative difference in cognitive change between higher PTH quartiles and lowest quartile factors, or 25(OH)D levels. 27 In our analyses, using a much larger cohort of younger individuals (mean age 57 years), we were able to consider numerous confounding and potential mediating variables, but did not find evidence for any associations. Also, in the prior study, elevated PTH levels were only associated with shorter 5-year cognitive decline but not with 10-year cognitive decline, although their sample size was greatly reduced by the time of their 10-year followup. 27 We also examined a shorter time frame in a sensitivity analysis, but we did not discover a significant relationship between elevated PTH levels and 6-year cognitive decline.
Our results are similar to previous null results from the ARIC Brain MRI Study which showed that PTH was not independently associated with subclinical brain infarcts or white matter hyperintensities on brain MRI, 25 which are indicators for subclinical cerebrovascular diseases and linked with reduced cognitive function. 28 Our findings were also in accordance with another ARIC study that did not show a significant association between PTH and clinical cardiovascular events. 15 These collective data suggest that perhaps elevated PTH levels may not independently contribute to the development of cognitive impairment.
Two relevant factors associated with PTH levels in cross-sectional analyses were 25(OH)D and obesity. A previous ARIC study evaluating the relationship between midlife metabolic syndrome with cognitive decline found modest associations for the metabolic syndrome and some of its individual components such as increased waist circumference. 29 However, our prior work in ARIC did not find 25(OH)D to be independently associated with either 10-year or 20-year cognitive decline, 12, 13 or with subclinical cerebrovascular disease on brain MRI. 30 In our current analyses, we adjusted for 25(OH)D levels and BMI/physical activity, but we still found no association of PTH with cognitive decline after considering these factors. It is worth noting that the range of PTH in this study largely included PTH in the normal ranges with only a small fraction of patients with very elevated or depressed PTH. Sensitivity analyses comparing elevated PTH $65 vs ,65 pg/mL were also null in our analysis. It is a possibility that PTH in huge excess can still induce cerebrovascular disease and subsequent dementia as demonstrated by certain animal models linking PTH excess with enhanced release of vasopressin and vasoconstriction. 31 The major limitation of this study was attrition of participants over follow-up, which was higher among those with an elevated PTH who had increased CVD risk factors. In addition, those with poorer baseline cognitive function were also less likely to return. This differential loss to follow-up could potentially bias toward a null hypothesis, but we attempted to account for this by using imputation models. Another limitation was that we only had a single measure of PTH at the baseline examination and could not examine influences of changes in PTH levels over time. Also the prevalence of advanced CKD was low in our community-based cohort, so although we adjusted for renal function, we could not examine associations within this specific subgroup. CKD is associated with higher PTH levels, and the association between PTH and cognition may be different among those with significant renal failure. Finally, although our study sample is the largest population-based study that we are aware of examining the relationship between PTH and cognitive function, it may still be underpowered for prospective analysis. However, if any associations are present, the effect size is likely to be small. The major strengths of our analyses are that, to date, this is the largest prospective cohort study that has analyzed the relationship between mid-life PTH levels and long-term cognitive decline, with rigorous adjustment for potentially confounding variables of demographics, education, behaviors, and lifestyle. Although our primary analytical model was null, we also included models adjusted for potential mediators, including CVD risk factors, renal function, and serum markers of bone mineral metabolism, such as 25(OH)D, calcium, and phosphate, which other studies have not done.
In summary, we did not find a significant independent association between elevated PTH levels and cognitive function or dementia. Our results challenge those of prior studies that have purported a causal relationship between elevated PTH and reduced cognitive function. 
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